Azerbaijan, located on the western edge of the Caspian Sea in Central Asia, has one of the highest populations of mud volcanoes in the world. We used satellite-based synthetic aperture radar (SAR) images derived from two L-band SAR satellites, ALOS/PALSAR along an ascending track from 2006 to 2011, and its successor ALOS-2/PALSAR-2 along both ascending and descending tracks from 2014 to 2017. First, we applied interferometric SAR (InSAR) technique to detect surface displacements at the Ayaz-Akhtarma mud volcano in Azerbaijan. The 35 derived interferograms indicate that the deformation of the mud volcano is largely characterized by horizontal displacement. Besides the InSAR technique, we also used multiple-aperture interferometry (MAI) to derive the surface displacements parallel to the satellite flight direction to complement the InSAR data. Using the InSAR and MAI data, we obtained 3D displacements, which indicate that the horizontal displacement is dominant relative to subsidence and possible uplift. To explain the displacements, we performed source modeling, based on the assumption of elastic dislocation theory in a half space. The derived model consists of a convex surface on which normal-fault-type slips are semi-radially distributed, causing the significant horizontal displacements with minor subsidence. The convex source surface suggests that a steady overpressure system would be maintained by constantly intruding mud and gas.
Introduction
Mud volcanism is analogous to magmatic volcanism; however, the materials extruded to the surface are mud, gases (mostly methane), and saline water originating from deeper sediments. While mud volcanoes include a variety of surface features generated from the extruded materials, their morphology is basically a cone-shaped topographic high, though some can be relatively flat and can even include depressions or calderas. The size of mud volcanoes is generally smaller than that of magmatic volcanoes, but varies over a wide range, from tens of centimeters to several hundred meters in height and tens of kilometers in diameter (Kopf 2002; Dimitrov, 2002; Mazzini and Etiope 2017) . Mud volcanoes are distributed both onshore and offshore, but are usually found in active tectonic settings, such as fold-and-thrust belts, accretionary complexes, and convergent plate margins (e.g., Milkov 2000; Kopf 2002; Dimitrov, 2002; Mazzini 2009; Bonini 2012; Mazzini and Etiope 2017) , where we may expect compressive stress regimes and higher sedimentation rates. Also, the presence of mud volcanoes is often associated with petroleum systems (Dimitrov, 2002; Kopf, 2002; Mazzini and Etiope 2017) . Multiple mechanisms are necessary to account for the formation of mud volcanoes. The first is the bulk density contrast between lighter clays and denser overburden in sedimentary layers, which will lead to the formation of mud diapirs. However, the buoyancy of mud diapirs is not strong enough alone for the formation of mud volcanoes, and additional overpressure is regarded as another requirement in their formation. The overpressure is generated not only from the compaction of initially retained water by the overburden layer but also from the biogenic gas produced at depth from organic matter (Dimitrov, 2002) . Compressive tectonic stress also contributes to higher pore-fluid pressures. The higher content of water and gas will significantly reduce the bulk density, shear modulus, and viscosity, allowing the layer to flow. However, the actual subsurface geometry and locations of such fluid-rich muddy masses remain uncertain.
Using satellite-based synthetic aperture radar (SAR), we can image ground surfaces with a resolution on the order of ten meters or less, regardless of weather and sunlight. Taking the difference of the phase values of SAR images at different times, the interferometric SAR (InSAR) technique allows us to map surface displacements with unprecedented spatial resolution, with an accuracy of a few centimeters, and has been used to study earthquake faults and volcanic magma sources (e.g., Massonnet and Feigl, 1998; Bürgmann et al., 2000; Hanssen, 2001; Simons and Rosen, 2015) . While there have been numerous applications of InSAR to surface deformation mapping at magmatic volcanoes, there are relatively few studies on its application to mud volcanoes, with the exception of the Lusi mud volcano eruption in Indonesia (e.g., Fukushima et al., 2009; Aoki and Sidiq, 2014) .
Azerbaijan is located near the eastern edge of the Greater Caucasus and the western edge of the Caspian Sea and is one of the countries with the highest national populations of mud volcanoes (Fig. 1) . Mud volcanoes in Azerbaijan are mostly located along the anticlinal structures found throughout the country (e.g., Bonini, 2012) . While there have been a couple of pioneering studies that applied InSAR technique to detect the displacements due to mud volcanoes in Azerbaijan in the early 2000s (Hommels et al., 2003; Mellors et al., 2005) , Antonielli et al. (2014) was the first to unequivocally reveal the surface displacements at four mud volcanoes in Azerbaijan with the uses of C-band Envisat/ASAR images gathered from 2003 to 2005. In particular, the study of the Ayaz-Akhtarma mud volcano (Fig. 2 ) revealed significant radar line-of-sight (LOS) changes, which were negative and positive in the eastern half and western half of the site, respectively. As the Fig. 1 Location of Ayaz-Akhtarma mud volcano, indicated with red triangle. Orange, red, and blue rectangles represent the imaging areas covered by ALOS/PALSAR ascending, ALOS-2/PALSAR-2 ascending, and ALOS-2/PALSAR-2 descending tracks, respectively. Upper-left panel indicates the location of Azerbaijan and Caspian Sea negative and positive LOS changes indicate displacement toward and away from the satellite sensor, respectively, Antonielli et al. (2014) interpreted that these changes correspond to uplift and subsidence, respectively. However, the Envisat/ASAR images used in Antonielli et al. (2014) were acquired only from the descending track, with a fixed incidence angle. Because the radar LOS change derived by InSAR is a projection of the three-dimensional (3D) surface displacements onto the radar LOS direction, the observed LOS changes do not tell us the actual 3D displacement field, and the LOS is most sensitive to the vertical component of displacement because of its smaller incidence angle of~20-40 degrees. The interpretations of the derived LOS changes by Antonielli et al. (2014) thus remain inconclusive.
Here, we also apply InSAR technique to detect the surface displacements at the Ayaz-Akhtarma mud volcano, but use L-band (wavelength 23.6 cm) images from Advanced Land Observing Satellite (ALOS)/ Phased Array type L-band Synthetic Aperture Radar (PAL-SAR) and its successor, ALOS-2/PALSAR-2, collected from 2006 to 2010 and 2014 to 2017, respectively. The L-band SAR is known to be more advantageous than shorter wavelength microwave bands in terms of interferometric coherence (Rosen et al., 1996) , and hence allows improved unwrapping of the InSAR phase data. Moreover, we process the SAR images acquired from both ascending and descending tracks, which will help to judge if vertical displacements dominate over horizontal displacements. We also apply a multiple-aperture interferometry (MAI) technique to derive the surface displacements that are parallel to the satellite flight direction in order to complement the InSAR data (Bechor and Zebker, 2006) , since InSAR phase is insensitive to these along-track (near north-south) displacements. We can thus infer the full 3D displacements at the Ayaz-Akhtarma mud volcano. Based on these displacements' data and analytical solutions of elastic dislocation theory in an elastic half-space, we derive a source model that consists of a convex fault surface with normal faulting and strike-slip, which we will use to investigate the on-going processes and their relation to the stress regime. Figure 1 shows the areas covered by ALOS/PALSAR for its ascending path and by ALOS-2/PALSAR-2 for both its ascending and descending paths; note that the look direction from the ascending tracks is opposite to that used by Antonielli et al. (2014) . Details on the ALOS/ALOS-2 data used are listed in Tables 1, 2 , 3, and 4. SAR data was processed using GAMMA software (Wegmüller and Werner, 1997) . To acquire interferograms with high coherence, we formed interferometric pairs, making each temporal separation as shorter as possible. We analyzed these data such that the slave data become the next master data, and so on. We used the ALOS World 3D-30 m (AW3D30) digital elevation model (DEM) and the precision orbit data to eliminate topographic and orbital fringes, respectively. Since the interferograms still included long-wavelength phase trends, we removed these by fitting low-order polynomials (in view of the derived spatial scale of ground deformation, we feel that this removal does not affect the detection of the deformation signals). For the step of phase unwrapping, we used the minimum cost flow algorithm (Costantini, 1998) .
Methods/Experimental
The basic algorithm of MAI is described in Barbot et al. (2008) . In the MAI method, we split the total aperture time into forward-looking and backward-look ing times and from these generate two single-look complex images. We then create forward and backward interferograms whose LOS directions are different. Taking the difference between the forward and backward interferograms, MAI provides us with the displacements projected along the satellite flight direction. Although the measurement precision is lower than that of InSAR, with a precision on the order of about 10 cm (Bechor and Zebker 2006; Barbot et al. 2008; Jung et al. 2009 ), the MAI data complements that obtained by InSAR and allows us to derive 3D displacements through the combination of both techniques. In the MAI processing, the multi-look size was set 2 and 4 in range and azimuth directions, respectively, and we also applied Goldstein-Werner's adaptive spectral filter with the exponent of 0.7 to smooth the signals (Goldstein and Werner 1998) .
Results

Observation results
In Figs. 3 and 4 , we show the observed ALOS and ALOS-2 InSAR data, both derived from the ascending path; details are shown in Table 1 for P1-P23 and Table 2 for P24-P32. Although they show diverse patterns of LOS changes, which we will discuss later in this paper, all of the results indicate that the western and eastern sectors across a N-S trending boundary near the center of the mud volcano show the signals in opposite sign. Figure 3 indicates that the surface approached the satellite in the west sector and moved away from the satellite in the east sector, respectively. The 23 interferograms in Fig The LOS changes in ascending and descending orbits indicate that the areas near and far from the satellite show negative and positive changes, respectively. This, in turn, suggests that the nearside areas are approaching the satellite and the farside areas are moving away from the satellite. Hence, we can conclude that the LOS changes are mostly dominated by horizontal, rather than vertical, displacements. Because InSAR LOS change is most sensitive to the vertical component, we may observe similar spatial patterns in the LOS changes with the same signs, regardless of ascending and descending orbits, when the surface displacements are dominated by subsidence or uplift signals over flat areas (e.g., Aoki and Sidiq 2014). Our observations, however, clearly demonstrate that the observed LOS changes are not entirely due to the vertical displacements and that it is critically important to view one area from various directions.
In Fig. 6 , we show the LOS change time series for ALOS ( Fig. 6a ) and ALOS-2 (Fig. 6b ) data along the ascending orbit, which were derived by averaging the LOS change data in the western and eastern areas marked in Fig. 6c . These results indicate that the LOS changes are largely linear with some temporal fluctuations. The Table 3 ALOS/PALSAR datasets for MAI images in Fig. 6 . Details of the orbit, incidence, and heading angle are the same as in Table 4 ALOS-2/PALSAR-2 data sets for MAI images in Fig. 7 . Details of the orbit, incidence, and heading angle are the same as in Table 2 Pair no. inferred LOS velocities of the western and eastern parts of the ALOS data are − 31 cm/year and + 54 cm/year, and those of the ALOS-2 data are − 19 cm/year and + 35 cm/year, respectively. The larger velocities of the ALOS data compared to that of the ALOS-2 data are presumably due to the differences in the unit vectors of LOS directions, which are (e e , e n , e z ) = (0.6157, 0.1085, − 0.7804) for ascending ALOS and (e e , e n , e z ) = (0.5120, 0.0974, − 0.8535) for ascending ALOS-2. This indicates that the LOS vector of ALOS is more sensitive to horizontal displacement than that of the ALOS-2 data. As noticed from the e n component of the LOS vectors above, InSAR LOS changes are most insensitive to the north-south displacement because of the satellites near-polar orbit. To reveal the north-south displacement and thus to elucidate the 3D displacements, we employ MAI approach. The observed ALOS MAI data along the ascending path (Table 3) are shown in Fig. 7 ; the P38 data is much noisier due to lower coherence. The positive and negative signals indicate the displacements projected along and opposite to the satellite flight direction, respectively. The observed MAI displacements show that the southern part of the mud volcano is represented by significant large negative signals, indicating that the southern portion moved opposite to the satellite flight direction. In Fig. 8 , we present the observed MAI using ALOS-2 data along the ascending track (P44-P48 in Table 4 ). As shown in the ALOS MAI data, we can observe a similar pattern of displacements in the southern sector. Moreover, we can identify the displacements along the satellite flight direction, which were not clearly detected by the ALOS data in the northern sector. In Fig. 9a , we show the cumulative along track displacements of the eight ALOS MAI data, which reached up to − 7 m in the southern sector during the same period as the ALOS InSAR data. The stacked image of the five ALOS-2 MAI data is shown in Fig. 9b and indicates that the displacements of the northern and southern sectors Fig. 4 Observed unwrapped InSAR images derived from ALOS-2/PALSAR-2 ascending track data (path 176, frame 800, P24-32) and descending track data (path 71, frame 2800, P33-35). Details of each data set are described in Table 2 reached up to + 1.5 m and − 4.0 m along the flight direction, respectively. The observed MAI data along the descending path (P49 in Table 4 ) is also shown at the bottom of Fig. 8 ; we show this pair because it covers a longer temporal period with shorter perpendicular baseline. Although there is only one descending MAI dataset, which is still a bit noisy, the overall spatial pattern is consistent with that detected in the ascending MAI data, namely, large positive and small negative signals, which are separated around the middle of the mud volcano, with a near east-west boundary.
We estimate the 3D surface displacements, using InSAR and MAI measurements acquired from both ascending and descending paths. Because the observation period is different for the ascending and descending datasets, and the surface displacements appear to have been constantly taking place in view of the present and previous observation results (Antonielli et al. 2014) , we converted the cumulative LOS and MAI changes (Figs. 5b, c, 9b , and 8 (P49)) into average velocities for simplicity. The calculation method to map the 3D displacements from the observation data is basically the same as those used in several previous studies (e.g., Wright et al. 2004; Jung et al. 2011 ). The inferred 3D displacements are shown in Fig. 10 , which consists of (a) north-south, (b) east-west, and (c) up-down displacements; we should note that each color scale in Fig. 10 is different. They indicate very large north-south horizontal displacements and smaller vertical displacements. We should note that the largest north-south displacements could only be inferred by using the MAI technique. In Fig. 10a , the broad area of the southern sector shows southward motion at a rate of~1 m/year. In Fig. 10b , the east-west component indicates extension by up to 80 cm/year in both easterly and westerly directions in the eastern and western sectors, respectively. Considering all the components, the results indicate that this mud volcano has been extending horizontally from the center, with southward displacements being most significant, and with some minor subsidence and possible uplift in places. The data scatter outside the mud volcano suggests the errors by as much as 10 cm/year.
Source modeling
To account for and interpret the observed cumulative InSAR and MAI data, we develop a fault source model, based on the dislocation theory in an elastic half-space. Although the analytical solutions by Okada (1985) have been widely used to explain surface displacements, they are derived on the assumption of rectangular dislocation elements and thus will generate mechanically incompatible gaps or overlaps in the case of a non-planar fault plane. Whereas the analytical solutions for rectangular dislocation elements are useful, those due to triangular dislocation elements are more versatile and allow us to represent more complex fault geometries (Maerten et al. To calculate Green's function of surface displacements due to triangular dislocation elements, we use the MATLAB code produced by Meade (2007) , assuming a Poisson ratio of 0.3. In order to derive physically plausible distributions, we use a non-negative least squares method that constrains the slip directions (e.g., Simons et al. 2002) , whereas we allow distinct strike-slip directions, depending on the dipping direction of each segment as noted below. We also apply a constraint on the smoothness of the slip distributions, using an umbrella operator (Maerten et al. 2005; Furuya and Yasuda 2011) . We use the cumulative displacements acquired from the ascending orbit in the inversion (Fig. 11a-d) . We do not invert for the descending orbit data because of the lack of cumulative displacement data for this orbit compared to the ascending orbit. Instead, based on the derived source model, we can compute descending and 3D data, with which we will compare the observed ones so that we can check the consistency of source modeling.
The location and geometry of the source fault are the most important factors in reducing the misfit residuals and were derived by trial-and-error (e.g., Furuya and Yasuda 2011; Abe et al. 2013; Himematsu and Furuya 2015) . To reproduce the large horizontal and minor vertical displacements, we set a convex source surface to be dipping most significantly toward the south with minor dip toward east, west, and north; the shallowest point of the convex surface is located beneath the center of the mud volcano. Thereby, we allow for radially distributed normal fault slip on the convex surface. To express oblique normal faulting, we imposed right lateral and left lateral strike-slip on the west-dipping and east-dipping segment, respectively; no such constraint was imposed on the north-south trending normal fault slip for simplicity. To generate the triangular meshes with Gmsh, we initially assigned the 3D coordinates at the 8 control points along the border of the surface. The plane and 3D views are shown in Figs. 2a, 12 , and 13, respectively; it should be noted that the scales for the vertical and horizontal axes are different, and the slope of the source plane is exaggerated in Figs. 12 and 13 . Although the source surface is convex, the height differences are at most 50 m over the entire surface extending~3 km. Nonetheless, we consider that the curvature is important because the observed large southward horizontal displacements and minor subsidence are most significantly explained by the large southward normal fault slip.
In Figs. 12 and 13, we show the optimum fault slip amplitude distribution and slip vectors on each segment, assuming that the slip occurs at a constant rate; Figs. 12 and 13 are derived from the ascending path data from ALOS and ALOS-2, respectively. The shallowest point of the convex surface is located at a depth of 25 m. Normal dip slip is dominant on the southern part of the Fig. 12c ) and 4 m (ALOS-2, Fig. 13c ). Moreover, we need to include "strike-slip" components on the western and eastern slope on the surface to represent the oblique normal dip slip. When we set the shallowest point further deeper bỹ 30 m, the estimated normal dip-slip amplitude was larger by~1 m, whereas the misfit residuals became more significant.
Based on the estimated slip distributions, we compute the surface deformation projected onto the LOS and along the satellite track direction (Fig. 11e-h ) and the misfit residuals (Fig. 11i-l) . Although some residuals remain, the calculated surface displacements can largely reproduce the cumulative observations. Moreover, we show the computed 3D displacements (Fig. 10d-f ) and descending InSAR data (Fig. 5d) , both of which are based on the derived source model. Although we notice some differences particularly in the EW components (Fig. 10e) , the calculated data turn out to largely reproduce the observed ones, which demonstrate the consistency of the source model. Although we tried setting a Mogi-type point source and a Yang-type spheroid source, we could not explain the observed data with physically plausible volume changes. We also tested tensile opening and closure, but could not consistently explain the estimated 3D and descending data. We consider that our source model is probably the simplest in terms of its overall geometry and slip distribution within a framework of elastic dislocation theory, whereas we do not preclude more sophisticated models. We interpret the inferred source model in the following section and discuss the implications for mud volcanism.
Discussion
Why are the LOS changes from ALOS1/2 data larger than those from Envisat data?
Comparing our observed interferograms with the results produced by Antonielli et al. (2014) , we observe that the LOS changes in our study are much larger than those found in the previous study. The acquired cumulative LOS displacements of ALOS and ALOS-2 along the ascending track are up to 300 cm and 120 cm for about 4 and 2 years, respectively, and that of ALOS-2 along the descending track is up to 50 cm for about a year, whereas the cumulative LOS displacement calculated by Fig. 7 Observed MAI data derived from ALOS/PALSAR ascending track data (path 573, frame 800). Positive and negative signals indicate the horizontal displacement projected in the direction of the satellite flight and the opposite direction, respectively. Details of each data set are described in Table 3 Antonielli et al. (2014) is up to 20 cm for about 2 years. This notable difference may be caused by two possible factors. One possibility is an increase in the activity of the mud volcano, and the other is a difference in the local incidence angle between the data sets. The incidence angles at the image center of the ascending ALOS, ascending ALOS-2, and descending ALOS-2 are 38.7°, 31.4°, and 36.3°, respectively, whereas the angle of the Envisat is 23°, while the local heading angle does not differ significantly between the data sets. With the heading angle of 10°counter-clockwise at mid-latitude, the unitary LOS vectors for Envisat/ASAR are (e e , e n , e z ) = (0.416, 0.073, − 0.906). Compared to the LOS vectors for ALOS1/2 noted earlier, Envisat/ASAR is apparently more sensitive to vertical and less sensitive to horizontal displacements. As the inferred 3D displacements show, Fig. 8 Observed MAI data derived from ALOS-2/PALSAR-2 ascending track data (path 176, frame 800, P44-48) and descending track data (path 71, frame 2800, P49). Details of each data set are described in Table 4 (a) (b) Fig. 9 Cumulative observed MAI data derived from a ALOS/PALSAR data (P36-43), and b ALOS-2/PALSAR-2 ascending data (P44-48) the largest displacements are due to north-south displacement, and the vertical displacement was the least significant, which is a rare occurrence to our knowledge. Using the derived 3D displacements in Fig. 10 , we computed the LOS changes for the Envisat beam geometry. Indeed, the LOS changes for the Envisat beam turned out to be smaller than those due to the ALOS beam. However, the differences were not as striking as noted above. Thus, we cannot reject the first possibility.
Interpretations of the source model and the mud volcanism at Ayaz-Akhtarma
Although we could explain the cumulative LOS changes and MAI data with the use of the dislocation theory in elastic half-space, the inferred depth of the fault source is much shallower than those for earthquakes and magmatic eruptions, and the magnitudes of the estimated slip are so large that they may cast doubt on the validity of the use of elastic theory. We recognize that the elastic theory would be invalid in a strict sense for modeling of the observed large displacements, but we consider that the elastic dislocation theory is a helpful tool that can tell us the approximate location and geometry of the mechanical source. Moreover, because we inverted for the cumulative displacements instead of the short-term displacements, the inferred slip amplitude should be regarded as cumulative amplitude as well and may not be unreasonably large. Indeed, in view of each interferogram in Figs. 3 and 4, we can observe more complicated and non-smooth signals on the surface, which are rather localized and not clearly shown in the observed cumulative LOS changes; such localized signals in each interferogram cannot be reproduced in the calculated cumulative LOS (Fig. 5) and MAI (Fig. 9 ) data, either. We might be able to regard those small-scale signals in each interferogram as a surface expression of local elastic failure. We consider that the cumulative signals simply obscure those small-scale signals, which appear at each interferogram but do not persist over time.
The source model consists of a convex surface on which normal dip slips are semi-radially distributed from the top but most significantly on the south-dipping portion. Under such slip systems, it is reasonable to observe subsidence signals around the center of the mud volcano (Fig. 10c, f ) . Although the source model does not explicitly include any overpressure forcing elements, the convex geometry could be maintained by constant injection of mud and gas onto the slip surface. We consider that there would exist feeder channels or pipes from deeper mud diapirs (mud chambers) connected to the convex surface, which, however, do not exert sufficient stress to cause surface displacements. Meanwhile, the origin of the significant normal fault slip might seem to be puzzling, considering that the study area is under a compressive stress regime in terms of the global stress field. However, we should recall that, like many mud volcanoes in Azerbaijan, Ayaz-Akhtarma mud volcano is located along anticline axes formed by the regional compressive stress field. We interpret that the mud and gas have reached the anticlinal trap, where intruded Positive signals indicate northward, eastward, and uplift movement, for a, d; b, e; and c, f respectively. Note the difference in the color bar scales materials at very shallow depths are generating localized extensional stress and subsequent normal faulting. Antonielli et al. (2014) performed a field survey and identified a 600 m-long fault or fracture, which we could also identify from a Google Earth image (Fig. 14b) . Moreover, using Google Earth and USGS Landsat satellite images, we observed that the surface of the mud volcano is far from smooth, and such faults or fractures can be observed at many places on the surface (Fig. 14c ). Our source model indicates that the largest normal fault slip amplitude lies roughly in a north-south direction. The dominant reported by Antonielli et al. (2014) are mechanically consistent with our source model. Our source model could be used as a guide for further field survey at unexplored areas.
Despite the large slip inferred from the source modeling, there is no evidence for major eruptive episodes during the analyzed period. If there were significant eruptions, we could not generate unwrapped interferograms because surface failures and eruption deposits from major mud eruptions would have caused the loss of interferometric coherence. However, small-scale eruptions and/or seepages of mud or gas seem to have been continuous (Dupuis et al., 2016) . Those rather minor mud volcano activities presumably did not affect the present InSAR observations with a recurrence interval of~5 0 days, whereas the large amplitude localized signals in Figs. 3 and 4 were probably due to minor eruptive episodes.
It is well known that the eruption of mud volcanoes is often triggered by earthquakes (e.g., Kopf 2002; Mellors et al. 2007; Manga et al. 2009 Bonini et al. 2016 . Manga et al. (2009) proposed a relationship between an earthquake's magnitude and its hypocentral distance, which predicts that a mud volcano eruption can be triggered by an earthquake with M5 or above occurring within a distance of 20 km. Unfortunately, we do not have any local observation data to correlate seismic events with the triggered eruption(s), but even if they did occur, any eruptions must have been minor episodes, as speculated above.
Conclusions
Using ALOS/PALSAR and ALOS-2/PALSAR-2 InSAR and MAI data, we detected the detailed surface displacements associated with the activity of Ayaz-Akhtarma mud volcano. The MAI technique in particular turned out to be helpful in acquiring a more complete image of the surface deformation. By combining InSAR and MAI data, we were able to demonstrate that the actual displacements are dominated by horizontal, rather than vertical, components and that the north-south displacements are the largest. Our source model consists of semi-radially distributed normal dip-slip on a convex surface, on which mud and gas are continuously intruding. 
